Pathogenic strains of Helicobacter pylori secrete a cytotoxin, VacA, that in the presence of weak bases, causes osmotic swelling of acidic intracellular compartments enriched in markers for late endosomes and lysosomes. The molecular mechanisms by which VacA causes this vacuolation remain largely unknown. At neutral pH, VacA is predominantly a water-soluble dodecamer formed by two apposing hexamers. In this report, we show by using atomic force microscopy that below pH Ϸ5, VacA associates with anionic lipid bilayers to form hexameric membrane-associated complexes. We propose that water-soluble dodecameric VacA proteins disassemble at low pH and reassemble into membrane-spanning hexamers. The surface contour of the membrane-bound hexamer is strikingly similar to the outer surface of the soluble dodecamer, suggesting that the VacA surface in contact with the membrane is buried within the dodecamer before protonation. In addition, electrophysiological measurements indicate that, under the conditions determined by atomic force microscopy for membrane association, VacA forms pores across planar lipid bilayers. This low pHtriggered pore formation is likely a critical step in VacA activity.
Colonization of the stomach mucosa with Helicobacter pylori is the principal cause of chronic superficial gastritis in humans and is a major risk factor for the development of peptic ulcer and gastric carcinoma (1) (2) (3) . One of the primary virulence factors secreted by H. pylori is VacA (4-5), a Ϸ90-kDa protein that, at neutral pH, self-associates into flower-shaped, predominantly dodecameric complexes comprised of two apposing hexamers (6) . In cultured cells, addition of VacA, together with weak bases, induces marked swelling, or vacuolation, of acidic compartments enriched in markers for late endosomes and lysosomes (5, 7) .
The molecular mechanisms by which VacA causes cell vacuolation are largely unknown. The first step appears to involve the binding of VacA to the plasma membrane (8), followed by internalization (8) (9) . Expression of VacA in transfected cells results in cell vacuolation, which suggests that VacA has an intracellular site of action (10) . Although endocytosis has not yet been firmly demonstrated as a requirement for vacuolation, a critical low-pH step has been proposed (6, (11) (12) . However, the effects of low pH on VacA association with membranes has remained largely unexplored.
In this study, we have applied atomic force microscopy (AFM) to examine the interaction of purified VacA with model lipid membranes under a variety of conditions. We show that when the pH is lowered below Ϸ5, VacA associates with anionic phospholipid bilayers as hexameric membraneassociated complexes. In addition, electrophysiological measurements demonstrate that under these conditions, VacA forms pores in planar lipid bilayers. These results thus demonstrate that low pH indeed causes a critical change in the structure of the VacA oligomer, resulting in its interaction with a selected lipid species. The pores formed by VacA oligomers in target membranes are likely to be directly related to the toxic effects of VacA on host cells.
METHODS

Materials.
VacA was purified from broth culture supernatant of H. pylori 60190 described in ref. 6 by using gel filtration chromatography with a Superose 6 HR 16͞50 column and phosphate-buffered saline containing 1 mM EDTA and 0.1% NaN 3 (PBS buffer). The zwitterionic lipids dioleoylphosphatidylcholine (DOPC), egg phosphatidylcholine (eggPC), dioleoylphosphatidylethanolamine (DOPE), and egg phosphatidylethanolamine (eggPE), the anionic lipids dioleoylphosphatidylserine (DOPS), 1-palmitoyl-2-oleoylphosphatidylserine (POPS), dioleoylphosphatidic acid (DOPA), dioleoylphosphatidylglycerol (DOPG), and cardiolipin (CDL), and the total lipid extract from bovine heart (HL, a mixture of neutral, zwitterionic, and anionic lipids) were purchased from Avanti Polar Lipids. Cholesterol was purchased from Sigma.
Preparation of Supported Lipid Bilayers and Imaging of Membrane-Bound VacA. The supported membrane was formed by sequentially depositing two separately prepared monolayers to mica (13) . After a monolayer of eggPC was first deposited using a Langmuir trough (JL Automation, Sunderland, U.K.), a monolayer of HL [1 mg͞ml in chloroform͞ methanol (2:1 vol͞vol)] was next applied to the air͞buffer interface of a small Teflon well (Ϸ30 l). The buffer in the well was typically 1 mM citric acid (pH 2.6), although similar results were obtained with higher ionic strength (0.1 M NaCl), higher buffer concentrations (50 mM citric acid), and pH values up to Ϸ5, as described in the text. After evaporation of the organic solvent, the coated mica fragment was horizontally lowered onto this interface, forming the bilayer. VacA (0.5 mg͞ml) was then injected into the well (final concentration of Ϸ30 g͞ml). For those incubations at pH Ͻ5, the pH of the protein solution was first lowered by incremental addition of 20 mM HCl prior to its injection into the well. After 1-2 hr of incubation at room temperature, the sample was washed extensively either with 1 mM citric acid (pH 6.0) or, when the influence of pH on VacA binding to membranes was measured, with the incubation buffers. To improve the mechanical stability of the sample, chemical fixation with 1% glutaraldehyde for 1-2 minutes was applied, followed by extensive washing. The samples were
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Abbreviations: AFM, atomic force microscopy; PD, peripheral domain. ‡ To whom reprint requests should be addressed. e-mail: zs9q@ virginia.edu. always under solution during transport to and imaging within the AFM. Calibration of the piezoscanner (14 m, D scanner, Digital Instruments, Santa Barbara, CA) was performed using mica and the cholera toxin B subunit. AFM images of these (14) (15) and other (16) (17) (18) (19) samples are consistent with those structures determined by using electron microscopy or x-ray crystallography. Imaging was performed in the contact mode with a Nanoscope II AFM (Digital Instruments, Santa Barbara, CA), using oxide-sharpened ''twin tip'' Si 3 N 4 cantilevers, 200 m in length, with a spring constant of 0.06 N͞m. The scan rate was typically Ϸ9 Hz, and the applied force was minimized to Ϸ0.1 nN. All images presented here were reproducible with different tips and different fast-scan directions. All lateral dimensions were determined from full-width at half-height in the unprocessed images, except for the lateral measurements of the peripheral domains, which were determined from the processed image. Images were processed by using the Integrated Crystallographic Environment (20) for lattice unbending and the MRC program package (21) for six-fold symmetrization. The lateral resolution is estimated to be 1.7 nm based on an analysis of spot intensity vs. resolution and phase residuals in the Fourier transform.
Imaging Water-Soluble VacA at Neutral pH. VacA was directly adsorbed to freshly cleaved mica by injecting 0.5 l of the 0.5 mg͞ml stock protein solution into 10 l of buffer covering mica. After incubation, the sample was washed extensively and imaged under the same solution. The most commonly used buffer was 1 mM Hepes͞0.1 M MgCl 2 , pH 7.5. Small scan size images of VacA bound to mica depicted dodecamers and tetradecamers, similar to what has been reported (ref. 6 , and data not shown).
Electrophysiological Recordings. Planar lipid membranes were prepared by painting a lipid solution over an aperture separating two chambers (22) . A Ϸ10 mg͞ml solution of either eggPC͞cholesterol (5:2 mol) or eggPC͞DOPS͞cholesterol (4:1:2 mol) in n-decane was applied to the end (inner diameter, 2.5 mm) of a polystyrene tube (Ϸ750 l) projecting into a small Teflon chamber (Ϸ500 l). VacA was added to the Teflon chamber (cis) to a final concentration of Ϸ0.1 g͞ml. The buffer contained 0.1 M KCl͞2 mM EDTA͞5 mM citric acid at either pH 4 or pH 7. The Ag͞AgCl electrodes were connected to the chambers through 1 M KCl-agar bridges. Similar results were measured by using a smaller aperture (Ϸ0.4 mm) in a polypropylene container.
RESULTS
Association of VacA with Supported Bilayers. The binding of VacA to pure lipid membranes was assessed by adding the cytotoxin to supported bilayers, incubating for 1-2 hr at various pH values, followed by extensive washing and imaging with AFM. At neutral pH or with bilayers composed of only zwitterionic lipids, no binding of VacA to the membranes was detected by using AFM. Instead, the AFM images revealed only protein aggregates within membrane defects, directly adsorbed to mica (Fig. 1a) . Similarly, when the VacA stock solution was first ''preactivated'' [by lowering the pH to Ϸ3 (12)] before its addition to the bilayer at neutral pH, no binding to the membrane was detected. However, at pH values below 5 and with bilayers containing anionic phospholipids, a high density of oligomeric VacA was found to be associated with these membranes (Fig. 1b) . Binding of VacA to the membrane under these conditions was observed even with VacA that was not first preactivated. These results are summarized in Table  1 . The oligomers were Ϸ25 nm in outer diameter and projected Ϸ2.5 nm from the surface of the membrane. At smaller scan sizes, the membrane-associated complexes were often displaced by the tip (likely owing to the fluidity of the membrane), preventing higher resolution imaging. Nonetheless, a central cavity, with an inner diameter of Ϸ6 nm, could be resolved in many oligomers (Fig. 1b) .
After the oligomers were adsorbed to the membrane at a pH Ͻ5 and the sample was extensively washed, raising the pH to 6 did not induce dissociation from the membrane but rather resulted in the formation of small two-dimensional crystal patches (data not shown). Increasing the pH to 7 promoted further two-dimensional crystallization into somewhat larger patches (Ϸ250-500 nm in breadth, Fig. 1c ). At pH 8 or higher, the sample was noticeably degraded, leaving poorly resolved aggregates directly adsorbed to mica (data not shown). The crystal patches were much more stable during scanning than were the isolated oligomers (14-15) and could be imaged to a greater resolution.
Structural Characterization of Membrane-Associated VacA. The unprocessed AFM images of the two-dimensional VacA crystals (Fig. 2 a and b) clearly reveal a hexagonal pattern of rings interspersed with smaller, triangular regions, with unit cell parameters of a ϭ b ϭ 22 Ϯ 1 nm, ␥ ϭ 60°Ϯ 5°( n ϭ 31). These topographs depict essentially flat, six-foldsymmetric oligomers (each with an overall diameter of Ϸ28 nm) possessing the same general characteristics as observed both with the water-soluble dodecamer (6) and with the isolated membrane-associated oligomers observed at pH Ͻ5. Although the features to be discussed below are clearly recognizable in these unprocessed images, the details of the oligomer are most easily visualized with reference to the line diagram in the processed image (Fig. 2c) .
The central ring is a hexagon with an inner (side-to-side) diameter of 7 Ϯ 1 nm (n ϭ 79) and a side width and length of 3 Ϯ 1 nm (n ϭ 53) and 6 Ϯ 1 nm (n ϭ 40), respectively. The corners of the ring are slightly higher [0.4 Ϯ 0.1 nm (n ϭ 43)] than the adjacent sides.
The peripheral domains (PDs) from three nearest-neighbors form the triangular-shaped contact regions. Each PD is Ϸ5 nm long, Ϸ3 nm wide, and 0.8 Ϯ 0.1 nm (n ϭ 27) higher than the corners of the central rings. Individual PDs can be observed at the edges of the crystal patch in the unprocessed image (arrow in Fig. 2a) . Notice also that in Fig. 2b , there appears to be a single PD missing from the oligomer to the left (arrow), yet the central ring seems to be intact.
The connections (connectors) between the central hexagonal ring and the PD are resolved as thin projections 3 Ϯ 1 nm (n ϭ 29) wide, 5 Ϯ 1 nm (n ϭ 50) long, and 0.8 Ϯ 0.2 nm (n ϭ 29) smaller in height than the corners of the central ring. Rather than a strictly radial orientation from a corner of the hexagonal ring, each connector was found to project Ϸ90°from one side of the ring. For comparison, with a completely radial projection of a connector, the angle between the connector and either side of the ring would be 120°. Thus, the connectors of the entire oligomer appear to have a counter-clockwise cant about the central ring. Previous deep-etch electron microscopy of the water-soluble dodecamer revealed that the interfacial surface of the hexamer has a clockwise cant of the connectors, whereas the outer surface of the dodecamer has a counterclockwise cant (6) . The AFM images of the membrane-bound complex thus resemble the outer surface of the dodecamer.
The distance by which the VacA oligomer projects from the bilayer, measured at the edge of a crystal patch, was found to be 2.9 Ϯ 0.3 nm (n ϭ 106) (Fig. 3a) regardless of whether or not the sample was fixed. Because the thickness of the pure lipid bilayer plus any water trapped between the bilayer and mica is Ϸ5 nm (15), the maximal height of the VacA oligomer associated with the membrane is 7.9 nm. This distance could be compared with the total height of the dodecamer by imaging VacA directly deposited to mica at pH 7 (Fig. 3b) . In this way, the height of the water-soluble dodecamer was observed to be 9.6 Ϯ 0.9 nm (n ϭ 499), with or without chemical fixation, which is consistent with the range of values previously reported (6, 23-24). Electrophysiological Measurements. The large central ring of the membrane-associated VacA oligomer in the AFM images obviously suggests the possibility for transmembrane pores. When VacA was added to a planar lipid bilayer containing anionic lipids at pH 4, a large current was indeed observed after a delay of a few minutes (Fig. 4) . This current was detected whether the potential was cis-positive or cisnegative, in contrast to the channels formed by typical A-Btype toxins, which open only for cis-positive potentials (25) . No current was detected if VacA was added to bilayers at neutral pH or to bilayers without anionic lipids (Fig. 4) , consistent with what was observed with AFM for membrane association. There was, however, a small, somewhat noisy current at low pH with bilayers composed only of zwitterionic lipids that began to appear Ϸ60 min after injection of the protein, which could indicate some weak affinity of VacA for this bilayer.
DISCUSSION
We have shown that below pH Ϸ 5, VacA becomes associated with and inserts into anionic phospholipid bilayers to form oligomeric pores. The surface topography of the membranebound complex closely resembles the outer surface of the dodecamer observed previously, based on a comparison of both the lateral dimensions and the cant of the arms (6). However, it is unlikely that this membrane-associated oligomer is an inserted dodecamer for two reasons. First, considerable structural alterations would be necessary for the normally water-soluble exterior surface of the dodecamer to insert 
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FIG. 1. AFM images show that
VacA associates only with supported bilayers containing anionic phospholipids at pH Ͻ 5. (a) An eggPC bilayer after 1 hr incubation with Ϸ30 g͞ml VacA in 1 mM citric acid, pH Ϸ 3.5. There is no VacA association with the bilayer, but there are aggregates directly adsorbed to mica within bilayer defects (dark regions). Similar results were obtained with bilayers composed of other zwitterionic lipids (see Table 1 ) at all pH values examined from pH 3.5 to 7. directly into the bilayer. Second, the height measurements clearly indicate that the maximal height of the oligomer in the membrane (7.9 nm) is markedly smaller than the total height of the soluble dodecamer (9.6 nm). We therefore conclude that the membrane-bound oligomer is not a dodecamer, but is a hexamer. Based on the resemblance to the dodecamer (6), we favor a model in which the tip-accessible surface of these membrane-bound hexamers corresponds to the outer surface of the dodecamer and the membrane-facing surface corresponds to a surface normally buried within the dodecamer. It is tempting to speculate that, by associating two hexamers into such a dodecamer and shielding a partly hydrophobic surface on each hexamer, this cytotoxin might have evolved an efficient mechanism by which two pore-forming complexes might be rapidly produced after a decrease of the pH. Pore formation presumably requires that VacA must insert and span the entire bilayer [typical thickness Ϸ4.5 nm (26)]. Because the VacA hexamers protrude only 2.9 nm from the bilayer and the expected height of the hexamer in the watersoluble dodecamer is only about 4.8 nm, this suggests that the hexamers must undergo a large conformational change during the process of membrane insertion. A conformational change of this magnitude is believed to occur when another bacterial toxin, perfringolysin O, forms its pore (27) . With AFM, we have not been able to determine whether, after protonation, the dodecamer first splits into hexamers that then bind to the membrane or whether the dodecamer first disassembles into monomers in solution, followed by binding of monomers to the membrane and rapid oligomerization into hexamers, similar to several other pore-forming toxins (28) . However, it should be noted that although the AFM images of water-soluble VacA revealed Ϸ20% tetradecamers (data not shown), no heptamers on the bilayer were ever detected either in crystal patches or with well resolved isolated oligomers, suggesting that disassembly into monomers in solution most likely precedes the formation of hexameric pores. This is also consistent with the previous studies in which the VacA dodecamer was observed to disassemble into monomers after incubation at low pH (6, (29) (30) . Such a dissociation step is also believed to occur with another pore-forming toxin, aerolysin, during its transition from a water-soluble dimer to a membrane-bound heptamer (31) .
Because no association of preacidified VacA with the membrane at neutral pH was observed, the protonation of the monomers appears to be a critical determinant for VacA binding to anionic phospholipids. VacA also binds more avidly to the surface of HeLa cells at low pH than at neutral pH (M. S. McClain, personal communication). However, because VacA failed to bind to bilayers with negatively charged gangliosides (data not shown), the nature of VacA membrane association may be more than a simple electrostatic attraction. The role that the anionic phospholipids may play in the formation of the VacA oligomer is a very interesting subject in general (13) .
Low pH-induced membrane pore formation by VacA bears some similarity to several A-B-type toxins, including diphtheria toxin and Pseudomonas exotoxin A. However, the process of VacA disassembly and reassembly to form pores accompanied by a significant reduction in subunit stoichiometry is rather different from all other A-B-type toxins. Moreover, the putative A subunit of VacA fails to cause vacuolation when expressed in the host cell (10) , and neither an enzymatic activity nor the translocation of the putative A subunit of VacA has yet been demonstrated. Therefore, VacA exhibits several properties that seem to be distinct from other A-B-type toxins.
VacA pore formation at pH Ͻ 5 may be informative regarding possible cellular sites where VacA exerts its effect. In vivo, because the pH of the stomach is acidic, it is possible that VacA may be acidified and interact directly with the lipid components of the plasma membrane of the gastric epithelium, resulting in the formation of pores. In view of this possibility, it is interesting to note that another pore-forming bacterial toxin, aerolysin, can induce vacuolation of the endoplasmic reticulum, apparently without any requirement for toxin internalization (32) . However, in vitro, several studies have clearly demonstrated that binding of VacA to the cell membrane at pH 7 is followed by internalization (8-9) . Whether a In all experiments, a cis-negative potential of 20 mV was applied across the bilayer. In trace a, the discontinuities were caused by a change in the gain of the recording system to avoid saturation. For the middle portion, the gain was lowered by a factor of 5 and for the final portion, by a factor of 20. specific receptor is directly involved in binding and internalization of VacA has yet to be firmly established (33) (34) (35) . If VacA is internalized via the endocytic pathway (9), the acidic environment in the late endosome͞lysosome may be sufficient to trigger the disassembly of the VacA dodecamer and subsequent formation of hexameric pores in the endosomal membrane. Pore formation in endosomal membranes would presumably be relevant to the vacuolating effects of VacA, although the details of this process remain to be elucidated. The observed inhibition of VacA-induced vacuolation by bafilomycin A1 and monensin, which raise intraendosomal pH (36) (37) (38) , lends direct support for this hypothesis. In contrast, the addition of weak bases to the culture medium also increases the luminal pH of endosomes (39) but potentiates the vacuolating activity of VacA (7, 36) . Therefore, further experiments are required to understand the relevance and the site of VacA-induced pore formation. Among the many possibilities, one of the most informative will be to examine a VacA mutant in which the pore-forming activity is abolished. Further studies of VacA-induced pore formation will undoubtedly provide critical information on the molecular mechanisms by which VacA exerts its cytotoxic effects in vivo.
